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(57) Abstract: A set of filters is configured to distribute input signals representing a single perceptual axis to first and second
physically separate arrays of loudspeakers comprising at least first and second transducers, such that the arrays of loudspeakers will
create an array pattern corresponding to the input signals when the input signals are between a first frequency and a second frequency.
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Acoustic Transducer Array Signal Processing

BACKGROUND

This description refates 1o acoustic transdacer array signal procussing.

Acoustic transducers (sometimes called drivers) of loudspeaker svstems may be
grouped in arrays {(for example, scoustic dipoles or pairs of acoustic monnpoles) io
wcrease the power of], or o directionally control the magnitude and phase of| the
radiation from the transducers. Arrays may take the form of acoustic dipoles or pairs of

acoustic monopaiss, for example.

Az shown in figure 7, an acoustic dipole 702 (for example, an oper-backed
speaker that radiates sound equally from the front and rear fzces of it disphragns)
effectively radintes energy in two lobes T04a and 706a condered along an s 707 gt
=190 on graph 700, with the waves from the front and back canceling out aleng the

aid-plane TOR of the dipole 702 at &= 0. The region of cancellation, referved to a8 a null,
can be used to create psychoacoustic effects . such as altering the direction from which &
sound is pereeived 1o originate. As shown in figures 7B and 7€, the lobes may be
gsymmetric {704h, 7465 in figure 78; 704e, 706¢ in figure TC), and there may be nullson
only one plane {e.g., along null axis 710 in figure 78} or on more than one plane {8.g.,
along null axes 712, 714 in figure 7C) Figwre 78 also iHlustoates that there may be
varistion between an ideal radiation patiern 716 and an actual radiation pattorn 718

generated by real transducers {not shown).

SUMMARY

In general, in one aspect, filters operate on an input signal o provide output
sigrals and cross-feed signals to transducers of first and second arrays so that » plurality

of transducers of the first array produce destructive interference in a {irst frequeney

range; the transducers of the fivst array do not produce destructive interforence in a

second Frequency range; and a fivst transducer of the first arvay and s Sirst tranaducer of
the second amay produce destructive iterference in the second frequency range.

Implementations may isclude one or more of the following features.
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The first frequency range includes @ range of frequencies for which the
gorresponding wavelengths are greater than twice a spacing between the transducers in

the first arvay, The range of frequencies is also one for which the comesponding

wavelengths are less than twice 3 spacing between the Srst and secomd array. The second
frequency range inchudes a range of frequencies for which the corresponding wavelengths

are greater than twice & spacing between the first and second array. The frst freguency
range includes frequencies between about 1 kHz and about 3 kHz. The second frequeney
rangs includes frequencies below about 1 kHz.

o

The first frequency range inchudes frequencies between anupper Frequenoy and a

lower frequency and the filters include: in series, an inverting low-pass filier having a

corner fregquency at the upper frequency and a high-pass filter baving 2 corner frequene

ot

at the lvwer freguency, providing output signals to the first transducer of the first array:
and an glf-pass Hlier phase-matched to the high-pass filter and providing oniput signals to
the second fransducer of the first array. The filters are configured to delay the oulput
sigaal to the fiest transducer of the first array relative to the output signal to the second
ransducer of the first array. The filters attenuate the cross-feed signals 1o the transducers
of the second array when the input signal 1s in the first frequencey range. The first

frequency range includes frequencies between an upper frequency and & lower fregueney

and the filters inchude; a low-pass Slter having a corner frequency ot the lower frequency
aned providing sross-feed signals to the second arrvay; and an all-pass filter phase-matched
1o the low-pass filter and providing output signals 1o the first array.

The second frequency mnge includes fregquencies below a first upper frequensy
arxd the filters include: an inverting low-pass filler having a corner frequency at the upper
frequency and providing cross-feed signals to the second arvay; and an all-pass filter

3 3

phase-matehed to the inverting low-pass filter and providing eutput signals o the first
array. The filtors attennate the output signals to a second transducer of the first arvay
when the input sigoal is in the second frequency range. The second frequency range

frequencies below a first upper frequency and the filters include: a first high-
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pass filter having 8 corner freguency at the first upper freguency and providing output

signals 1o the second transducer of the fist array; a first ali-pass filter phase-matched o

~ s gs . Ry

the high-pass filter and providing output signals to the first travsducer of the {ivst armay

3
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and a second all-pass filter phase~-matched to the first all-pass {ilter and providing cross-

X

eud signals 1o the fest ransducer of the second anay. The Sl

high-pass filter having a corner frequency at the first upper frequency,
foed signals 1o a sccond transducer of the second array, and phase mmiched to the second
all-pass filter. The filters provide output sigaals and cross-feed signaly to the second
transducer of the first and second array in a third frequency range including frequencies
helow a second upper frequency that is lower than the fivst upper frequency. The Hlters
mnclude: first and second low-pass filters having corner frequencies at the second upper
fregquency and providing ouiput signals and cross-feed signals to the second transdueer of

i

cach of the fivst and second arrays, respectively; and first and sccond all-pass filters phase

<

natched to the frst and second lnwpeﬁxi fters, respectively, and 1o each other, and

-

¥

providing cutput signals and cross-feed signals to the first transducer of each of the fizst

fshd

and seeond arvays, respectively.

»

o~

The fiters also provide the cutput signals and cross-foed signals to the transdueers
of the first and second arrays so that no destructive interference 13 produced o a thud
frequency range. The third frequency range includes a range of fregqueneies for which the
corresponding wavelengths are less than twice a spacing between the tansducers in the
first array. The tird Fequency range includes frequencies above about 3 ke The third
frequency range includeys frequencies above a lower frequency, and the filies are

condigured to cause the first wanaducer of the first array o be to be active, and to

!

oo

atternutte the putpnt signals to the second transducer of the Srst areay when an input
signal ix above the lower frequency. The filters include a low-pass filier having s comner
freguency at the lower frequency and providing output signals to the second transducer of
the first array. The fiMers we also configured 1o attenuate the cross-feed signals to the
fransducers of the second array when the input sigoal is in the third frequency mnge. The

rst low-pass filter having a corner fregueney at the lower fregueney and
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providing outpat signals to the second transducer of the first array; a second low-pass
{iHer hoaving a comer frequency at or lower than the lower frequency and providing cross-

feed signals to the second array; and an all-pass filter phase-matched o the seeond low-

pass filter and providing output signals to the flrst amray.
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o~

The filters include a frst all-pass filter providing output signals to a first sunuming

527

input of the first array, a second all-pass filter providing cutpat signals o an input to the

o

first iransducer of the fiest array, a first low-pass filter and a first high-pass filter n sevies
and providing output signals 1o a first summing input to the second transducer of the first

areay, a second low-pass filter providing output signals to & second summung nput to the

\

second travaducer of the first array, a third low-pass filter providing cross-feed signals &

a first summing input of the second array, a third all-pass ier providing cross-feed

signals to an input o the first transducer of the second array, g fourth Iow-pass filter and a

3

second high-pass filter in sories and providing cross-feed signals to & first scanming inpud

7

to the seeond transducer of the second array, and a fifth low-pass filter providing cross-

~ §
3

foud

k|
§

signals © g second summing input to the second fransducer of the second array. The

Barss

ower frequency; the third

£y -

second and fifth low-pass filter have corner frequencies at a
fow-pass filter and the first and second high-pass filiers have corner fregueneios at an
intermediate frequencey; and the first and fourth low-pass filiers bave corner frequencies
at an upper frequency. The filters also include a sixth §m>»-‘-p~.ass filter providing 8 cross-

fead signad w0 a second summing inpa of the first array; a fourth all-pass filter providing

u»

an cutput signal o 8 second sumating input of the second array; and in which a first

‘.'12

signal Byt is coupled 1o the first all-pass filter and the third low-pass filter, and 8 sevond

1

-pass filler and the sixth low-pass filter

stgnal input i coupled o the fourth a
The filtors also provide the output signals and cross-feed signals to the transducers
of the first and second arrays so that the transducers of the first arvay do not produse
destructive interferonce in a an additional fregueney range: and g plurality of trangducers
of the fivst array and a plurality of wansducers of the second array prodoce destructive
interference in the additional frequency range. The additional 's‘}“ﬁ:a‘;z,a»:, ney range inchudes
fregquencies helow about 358 Hy.
The filters alse operate on a second input signal to provide output signals and
cross-feed siguals 1o the transducers of the second and first arrays so that o plurality of
transducers of the second srray prodoce destructive inferference w the first frequency

e

range: the transducers of the second array do not produce destructive interierence w the

o

second frequeney range; and the first ansdueer of the first array and the frst transducey
%

of the secord array pr{)duce destructive interference based on both the first nput signal

3
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andd the second {nput signal in the second frequency range. The first input signal s a kit
side signal and the second toput signal is a right-side signal.
In general, in one aspect, filters operate on an input signal to provide output
siguals and cross-feed signals to detve transdueers of first and second arvays so that

~

ray produce substantially different degrees of destructive

C,
,,’”..ﬁ

transducers
interference in respectively first and second frequency mnges; and a transducer of the
first arvay and a fransducer of the second array produce destructive interference in the
second frequency range; in which first signals driving the frst array and second signals
driving the second array are not identical.
Advantages include enhancing low-frequency output efficioncy of a loudspeaker

3
A

systemt that ncludes speaker arrays, where cach array works independertly s create nails

-

in acoustic radiation at high frequencies, and the arrays work together to create rulls s

fower frequencies. The combination of closely-spaced transducers within each array and
greater spacing between the arrays allows efficient radiation of power for both high

froguency and low frequency signals. The perceptual axis can be posttioned bevond the

ey

ohivsteal range of the arrays.

{nher features and advantages will be apparent from the deseniption and the

claims.

DESCRIPTION
Figure | i3 a schematic view of an audio system.
Filgores 2-5 and 63-6F are block diagrams of an awdio system,
Figure SA is a table.
Figure 7TA-7L are graphs,
By combining scoustic sources to form arrays and processing ses s that
are defiversed to the sources and 1o the arrays, the radiation patterns of &

system that includes the arravs can be controlled 1o achiove a variety of goals

generating various types of radiation patterns which can be mwore complex than the

o

radiation patterns of the individoad sources. The acoustic signal processing can include
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delaving, inverting, filtering, phase-shifting, or level-shifting the signals applied © cach

transducer relative to the signals apphied to other transducers. At given points in space in

o

the vicinity of the systery, the acoustic output from the transducers may, for example,

imterfere constructively {increasing sound pressure) or destractively {(deorsasing sound

pressured. Nalls van be created 1o take desired shapes and steered to desired angles. For
simplicily of anderstanding, we will view divectivity in a deseriptively useful plane, such
as a horizontal plave. In the hovizontal plane, we may discuss steering a “null axis” 0 a
desired angle. However it should be understood that in thres-dimensional space the null

may have a three dimensional shape, such as a conical shell, where the angle of the shell

"

walls are varied. For the case of a dipole-type souree, the cone angle is 180 degrees, and
the shape of the null deteriorates to & siple plane. For a cardieid shape, the cone angle is
zero degrees, and the null shape deteriorates to a simiple Hne,

Some aspects of driving acoustic transdocers are discussed in co-pending
applization titled “Redoeing Resonant Motion in Undriven Loudspeaker Dirivers,” filed
Aggust 4, 2008, and incorporated here by reference.

Becguse the effects of the signal processing on the radinied seoustic energy we
dependent on the fregquencies of the signals {and therefore of the acoustic waves) and on

the relative positions of the transducers, various combinations of signal processing and

e

k)

groupings of ransducers may be used 1o create desired aconstic effects i varions ranges
of freguencies,

The signal processing may be perfontacd using either analog or digiial signal

processing teciutiques. Analog signal processing systems typtoally vse analog filters

P

3

formed using op amps and various passive components arranged to accomplish desired
fillering funclions. Digital signal processing can be accomplished i various types of
dightal systems, such as a general-purpose computer, controlied by software or finnware,
or a dedicated device such as a digital signal processing (D8P} processor. Discrete
connponents and analog and digital systems. may be used in combination. These signal
processing components and svstoms may be centrally located or distributed {ora
combinalion of the two} among the speaker arvays, individusl fransducers, or other

system components, such as receivers, ampitfiers, and egualizers.
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Trade-offs among efficiency, frequency range, and control of dirpctivity are

required when using destructive interference. In some examples, a predetermined
radiation patiern with 2 oull along a null axis oriented at a desired angle can be achieved
ap 1o a frequenty for which the spacing between two transducers s one-half the
wavelength of the acoustic output. Above such a frequency, multiple lobes and nulls

begin to appear, which may conflict with an intended effect. The efficiency of & system
{the amount of aconstic energy, or power, that can be delivered to the Hstening
environment, for a fixed amount of power input) dircetly depends on the spacing hetween

the speakers. Larger spacing gives higher efficiency but {as explained) redures the

maxinum frequency at which directivity can be controlled. In some examples, an anay

1

nay have small spacing between its own teansducers to maintain control at kigh

frequencies, and large spacing between transducers from different armys, 1o provide

2
=
foscrd
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ower at low frequencies.

in some exampi‘x as shown in figure 1, an audio system includes two speaker
arrvays, & ol grrgy 1001 and a right array100R, meant to be located on corresponding
sides of a Ustening environment 103 and to reproduce corresponding left and right signals
of, for example, a sterco source. Signals intended for one side or the other can be
manipulated and eross-fed to the opposite side in order to achieve a radistion patern that
ca, for example, direct a null toward the Histener (or in another desired divection) while
enhancing the sysiem’s efficiency.

Each amray 1001, 100K includes two transducers, which we refer to gs left outer
transducer 14, lef toner transducer 106, right inner tranzducer 108, and right outer
transducer FHL The transducers may or may not be identical, In one frequeney range, for
example, a higher frequency range (frequencies with a wavelength less than twice the
separation between individual transducers within cach array), cach array works
independently and only one transducer 1s used in each array, so no nulls are produced. AL
maderate freguencies {for example, frequencies with a wavelength less than twice the
separation between the separate arrays), sach array again works independentiv to
reproduce its corresponding left and right signals and to steer those signals using the
comtbination of that array™s transducers to produce nolls, At lower frequencies, the arrays

werk together using one or both transducers in each.
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For a lett channel signal, the left array 100L stoers a nnll in & desired direction,
shown by mull axis 112, by using its two tranaducers 104, 106 with appropriate signal

T

provessing to achieve a predetermined radistion pattern. An example of appropriate signald

provessing feeds a feft chanpel signal to the outside transducer 104 and an identical but
cut-oi-phass left channel sigoal to the inside transducer 106, {This assumes the two
transducers 104 and 106 ave sdentical, I they are not, the two signals may not be
wentical.) The desired null axis direction can be controlled by introducing delay between
the two identical but out-of-phase feft channel signals, or by filtering the signal fud to one
ansducer differently than the signal fed to the other tansduacer. If desived, the efficlency
of array 100L can be increased by attenuating the signal applied to the transducer 106
refative to that applied {0 the transducer 104 {or attenuating the signal applied o
ransducer 104 relative to that applied to transducer 106). Similar behavior scours fora
right channel signal, with a null slong the noll axis 116 arising from the right array 100R.

R AL
g 17

The two transducers of cach of the two arrays have a relatively small spacin

~

109, for exanple, in the range of 3 cm to 7 om on center, while the spacing 111 betwesn

fac

3
§

the two arrays is wider, for example, in the range of 30 om o 70 om. This aliows the
arrays 1o be conveniently placed on either side of a typical computer or telovision
monitor. In some sxamples, the transducers within each array are 6.5 om apart on center.

At

»”n

owey frequencies, the two more widely spaced arrays can be used together as
i they were & single speaker array. In one lower frequency vange, eg., 588 He - 1 kHz,
o transdocer from each array, e.g., outer transducers 104 and 11, are used together as
two clements of an array driven so that their acoustic outpuis interfere destractively to
create @ desired radiation pattern, characterized by a sull along the mul axis 114 between
them. The wider cloment spacing in this frequency range results in increased efficiency of
sound radiation by the comabined arrays. In another low {requency range, o.g., below 550
Hz, the fravsducers 104 and 106 from the lefi array 1001 are fod identica] aignals and are
nsed to form a fivst acoustic source; the transducers 108 and 110 from the right arvay
TOOR are also fed identical signals and are used to form a second source, where the two
sources eombing 1o form a single array. The signals sent to the opposite stde from which
they were intended (Le., left-side signals fed to the right array 100R} are sowetimes
referred fo i this description as cross-feed signals, The signals sent to the first spurce and

8
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second souvce are provessed as described earlier to create s null along the same nudl axis
114 deseribed above for higher frequencies. That is, the sigoal fed to the transducers 104
and 106, in this low frequency range, is identical but of opposite polarity relative to the
signal fed to the transducers 108 and 110, One signal may also be dedaved with respeet to
the other, may be filtered with respect to the other, andfer may be attenuated with respect
fts the other. Por example, the signal fed to the transducers 108 and 110 may be delaved
refative o the signal fed to the tansducers 104 and 106, it may be attenuated by some
amonnd {o.g. 2 dB ), andfor imay be fillered (for example, with @ low pass filten) A
benetfit of this srangement is that the system has more radiating avea in this fregoeney
range, (Le., from all four transducers} which increases the systen’s maxinum outpwt
capability. This serves 1o both achieve the desired radiation pattern and inerease the
overall ontpat power capability of the system. In general, for arrays with muluple
transducers, selectively altering the numbers of fransducers that are operating in various
frequency ranges can be used o improve system efficioncy and maximun output
capability, while schieving g desired radiation pattern over & wider range of frequencies.

Another effect of the arrays i3 that sound images can be placed well o the ket of

X

the left array or well 1o the right of the right array. This can be accomplished by orlenting

the null axis i a desired direction. The locations of these sound images {the Josation
from which a Ustener interprets sound as originating) are referred to as the left and right
pereeptonl axes 18 and 120, The orientation of perceptual axes can be controlled by
controlling the orientation of nulf axes. An example of the signal procesaing wsed to
create pulls along the null axes is deseribed below, in increasing detail starting from the
most basie arrsy building block and adding each functional feature of the signal

R

processing in turn. For the sake of simplicity, this desoription focuses on the left input
signal. &s will be seen, the same processing is apphied to deliver the night tnpad signal o
the appropriate wansdocers,

The null slong the left null axis 112 is ereated by spiitting the loft input signal 204

e two paths and applving a low-pass filter 202 to the signal sent to the loft iner

=

o -~

transducer 106, as shown in figure 2. The full spectrum signal s send 1o the left onter
fransdocer 104, which acis ax the privary transducer for this signal 204, The fow-pass
filter 202 prevents signals having frequencies above 3 kHz from reaching the fnner

9
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teansducer 106, The outer transducer 104 can also be angled outward {see figure §

reduce feft-charmed high-frequency content from reaching the listener 102{0gure 1. T
filter 202 also dnverts the phase of the signal to create the acoustic null along the nuil axis
112, with the inner transducer 106 acting as the canceling transdocer for this signal 204
in some examples, a 21 pa delay is introduced by the filter 202 {0 stesr the mull axis 112
toward the Hetener 102, Attennating the filter 202 by 2 dB inersases the overall systom
efficiency without significantly degrading the psychoacoustic effects.

This single filter 202 used in conjunction with the signal splitting and transducer
geometry shown in figures 1 and 2 can render a convincing left percepival agis which can
be displaced from the physical location of the transducers, bui, due o the close proximity
of the primary and canceling transducers, there are low freguency ocutput limitations.
Moving the tansducers 104 and 106 farther apart conld address this but would require a
targer array encloswrs and would Bimit the upper frequency for which the system could
control the direetion of the nulf axis 112,

To improve the low frequency efficiency of the array, the right owter transdueer
can be used as the canceling wansducer for low frequencies. In effect, the right arvay

TOOR 15 used as i1t were a part of the left array 1001, rather than a5 a separaie

loudspeaker indended for right-channel signals, n the example of figore 3, this concept is

implemunted for frequencies below 1 kHx by filtering and tnverting the left input 204

¥

with a low-pass filter 300 and applying this signal (e, cross-feeding i) to the right amray
TGUR. I seane exarnples, the choiee of cross-feed frequency (in this example, 1 kHe) will
depend on the capability of the transducers and their Rpacnm as well a8 subjestive
decisions about the placement of the perceptnal axis. I the null along the null adg 114 45
desired to be divectly between the speaker arrays, no delay is required in the filter 306, In
some exampies, the low-frequency null was found o tolerate 3 dB of atfonuation on the
canceling transdocers withowt perceptual degradation,

[

e

With the canceling signal below § kHz now cross-fed to arvay 100K, i is uselh
eliminate output from transducers 106 and 108 over this frequency range In a way that
does not dissupt the phase relationship alveady established between the lefl inner and

outer fransducers, This can be achivved, for example, by using a pair ¢

310 and 312 and matching all-pass filters 302 and 314 {dashed arrows 322 and |

E
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imdicate phase matehing). The all-pass filters 302 and 314 are also phase-matched o each
other, as shown by the dashed arrow 3285,

Applving the 1 kHz high pass filter 310 to the left inner transducer 106 withowt

the matching adl-pass filter would introduce a new phase shift that would disrupt the

established null along the null axis 112, To avoid disturbing the null along the noll axis

3

12, the phase of the all-pass Tilter should match that of the highpass filter over the hand

o

T3
T

of interest {<tkHz, in this example) within a telerance of approximately +/ 30 degrees.
Performance can be tmproved if the phase mstch oceurs over 8 larger frequency tange,
and phase is maiched 1o a tighter degree, such as to approx. +/-15 degrees, Another all-
pass {iher 304 s apphicd to the lefl army woput and phase-matched {again within /- 30
degrees) to the right low-pass filter 306 to keep the cross-feed signal in phase with the
primary signal. The nell formed by the combined outputs of the left transducers 104 mwd
106 18 restricted {o the freguency range of | kHzto 3 kHz due to the operation of the
filters 202 and 310, In other words, for a lefl input signal 204 within the freguency range
of § kKHe~3 kHz, the Il arrgy 100U independently achieves g null along the null axis
£13. For a fefl input signal 204 in the frequency range below | ke, the left omter
travnsdocer 104 and the right owter trapsducer 110 together conmbine 1o Torm @ mall along
the null axis 114, A right sipnal can be pmcessed in a simitar fashion.

The low frequency performance of this system can be enhanced by using the inner
transducers i combination with their corresponding outer transducers i a selected
frequency range, for example, 2 {requency range lower than the frequency range
described garlier where only the outer transducers were operating (for example, below
S50 Hzy. As shown in figure 4, a pair of low-pass filters 407 and 404 gre added in parsiied
with the existing filters 310 and 312 to filler the signal input to the left and rnight fner
array transducers 106 and 108, and provide it, mixed with the parallel higher-freguency
signals by maxers 410 and 412, 1o those transducers. Below 330H 2, Blters $02 and 404
ave matched in phase (within +/~ 30 degrees) to filters 302 and 314, shown by dashed
arrows 406 and 408, The dashed arrow 325 showing phasc-maiching between the ali-pass

fidters 302 and 314 13 removed for clarity in figure 4 and later figures

1”5- %

he lef

e,

As shown in Sigure 5, most of the fihers described so far are the same on
and right sides, assuming that the left and right arrays are identical, so very fithe must be

i1
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added to produce the same effects for the right wput 502, Wihe lef and right arsays are

1.

not dentical, the filter parameters for the left and right sigaal paths may need 1o be
aciusted to tske info consideration the array discrepancies. A low-pass filler 514 {which
matches the flter 202) provides an inverted signal to the right inner transducer 108, so

that the combined ovtpat from the trassducers 108 and 110 will pradoce a null along null

axis 116 (figure 1) for a moderate frequency range (1 kHz ~ 3 XM in this oxample). A

fow-pass inverting filter 506, which maiches the characteristics of the low-pass filter 306

i

receives the right signal input 302 and provides a right cross-feed signal 1o the feft array
100U so thet right-channel low-frequency signals radiated by cloments from each array

3

Poroduce @ null along a null s similar to that achieved for the left channel, in some

S,

wi
exaniples alony the same nall axis 114 as the left-channet signals. As on the lefy, an all-
pass flter 304 15 added to the right input and phase~-matched to the right cross-over filie
506, as shown by dashed arrow 312 (the other dashed phase-matching arrows are
removed for olanty), Migers 510 and 308 combine the primary signals with the cross feed

sigrals for both arrays. Hach of the filters ocourring after the first stage (Lo, after ong of

oy

titers 304, 306, 304, or 500} produces a signal that Is freated as botd an oafput signad
based on the fnput signal for s own side and a cross-feed sipnal based on the input signal
for the opposite side. For example, the signal cutput from low-pass {iitor 404 1s veferrd
o as both an outpot signal based on the lell taput signal 204 and g cross~-feed signal based
3

on the right input signal 502, ag already filtered by the fow-pass cross-teed flter 306,

b
A X o

m.

Both signals are fed 0 the left ey tranaducer 106,

in figure 64, table 600 snmmarizes the frequency ranges over winch vach
rransducer is soetive in figore 4, including attenuation, delay, swd phase shilt on cach
iransducer. Figures 6B-0F show the sctive filters and signal paths for each manpe. Phase

K

relationships are shown relative to the primary transdacer(s), where “47 mdicates g

primary ransducer for each range, and *- indicates a canceling transducer, Transducer
syrmbols with white backs mdicate that that transducer 18 nsctive in that frequeney range
{that ts, signals iy that range have been subsiantially attenusted out of the tnput Tor that
transducer). Table 600 and fgures 683-6F indicate filtering of the left input 204 anly. &

symmetric table, not showsn, would deseribe the filtering of the right input 3¢

It
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For left chanpel signal below 550 Hz, as shown by row 602 and figure 6B, both
left transducers {outer transducey 14 and tnner trandueer 108) in left array 1001 are

active and in-phase {symbols 604, 606 in table 100) relative to each other due o the

"':r

{ilters 302 for the lett cutside transducer 104 and 402 for the left nside transducer 106
The two right transducers (outer 110 and inner 108) in right arvay 100K are agtive and in
phase relative o cach other, but, 8s a whole, they are out of phase with the left
transducers, as a whole, as shown by symbols 608, 618, There is also g 3 dB attenuaiion

£ e

from the cross-feed imw—pas s filter 306, The low-pass filter 404 provides the low-
trequency signal {already inveried by the filter 306} to the right inner transducer. This
combination of outputy of transducers from two arrays provides & desived adiation
pattern and s responsible for the null along the null axis 114, The two twansducers of cach
array behave as a single aconstic source, and the source spacing is the spacing between
the arrays {83 opposed fo the spacing between individual arvay elements) which increases

radiation efficlency in this frequency range and also increases the maximum oulpat

¢

capability of the systom. With this configuration, two arrays behave a3 a single large
dITay.

in the range of 3530 Hz to 1 kHz of the left channe! signal, shown by row 812 and
Ggure 60, the outer transducers 104, 110 are the same as in the fower range (614, 6203,
while the inner ransducers 106, 108 are off (6106, 618} due o the conbination of the fow-

{5 3 ‘k\-"}

pass filters #02 and 404 and the high-pass filters 310 and 312, The cutputs from the outer

transducers 14 and 110 form a nudl along a4 null axis, which may be the null axis 11 In

this range, the Wwo arravs 1001, T00R are also behaving as a single lfarge awrvay, inoreasing

1

fow freguency outpant efficiency. However, only one transdhwer from cach array §

operating o avoid imerfering with the inverted signals from the high-pass filiers 310 and
312 {mround 1 kHz in the example}. The acoustic null along the noll axis 114 could be
steered by introducing a delay between the signals applied to the various transducers, if

o~

e null along the null axis 112 in the range of | to 3 kHz for the left channel

o
e
7
fo

signal is produced from the left transducers only, as shown in row 622 and fignre &3 The
feft outer transdocer 104 is on as usual (624), while the lefl tnner transducer 106 is
attennated (o increase system maximuon output power), phase-reversed (1o ereate the

i

(%3
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null) (626}, and delayed (o steer the null axis 112} by the lovw-pass filler 202, In this
frequency range, both of the right transducers 108, 110 are ofF {628, 630} due to fow-pass
fiiter 306. There I8 no cross-feed in this frequency range.

Above 3 ke, as shown in row 632 and figure 6B, the right transducers 108, 110
rematn off {638, 640}, and the left inner transducer 106 is also turned off {636} by filter
202, Only the left outer travsducer 104 remains on (8341

In general, by using the respective clements of each individual aray w0
independently control that array’s radiation pattern at higher frequencies, and using both
arrays joinly in some manner 1o control the radiation pattern of the combined array
output at lower frequencies, efficiency can be matotained or improved at low frequencie
and directivity controlied over 8 wider frequency range. Since the widelv-spaced arrays
iprove total system efficiency, the system can deliver more power at low frequencies,
compared (© a system that only used each array to control its own side’s signal.

Az noted above, simifar techniques can be used to deploy wrravs having any
smiber of transducers. The details of frequencies to filier, which signal fo invert, shift, or
delay, and where to position the transducers will depend on such factors as the munber of

transducers, characteristies of the transducers, the output desired, the enviromment where

the arrays are 1o be used, and the power onipit capability of each transduces,
Other swbodiments are within the scope of the following claims.
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WHAT IS CLAIMED 1S:

ternn

An apparatus comprising:

i 5

tirst and second arrays (1001, 100R) of wansducers {104, 108; 10§,

wed

filters (202, 304, 306, 310,312, 314, 402, 404, 304, 506, 514) to operate on an

input signal {204, 302} to provide eutput signals and cross-feed signals to the transducers

{104, 106; 108, 110} of the st and second arrays (1001, 100R) so that

&

{a} a plurality of transducers {104, 106) of the first array (1000 produce

desfrictive interiorenee in 8 first froquency range;

=)

{b} the transducers {104, 106} of the first array {(100L) do not produce destructive

mnterference in a second frequency range; and
{c} a first ransducer (104, 106) of the first array (1000 and g fivst tranaducer
{108, 110} of the sccond arvay (100R) produce destructive interference in the second

frequency range.

2 The apparatus of clai_m i in which the {irst frequency range comprises & range of
frequencies for which the u}m.fapumim‘g wavelengths are greater than twive g spacing
between the transducers (104, 106} in the first array (100L).
3 The spparatus of claim 1 or 2 in which the range of frequencies is also ane for

fg 3
wiiich the corresponding wavelongths are less than twice a spacing between the first and
second arvay {1001, 100R)
A, The apparatus of one or more of claims 1 — 3 iy which the second frequency rangs

comprises & rangs of frequencies for which the corresponding wavelengths are greater

than {wice g spacing between the first and second array (100L, 100R )

5. ‘The apparatus of ong or more of claims 1 4 in which the first frequeney range
comprises frequencies between about 1 kHz and about 3 kHz

15
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8. The apparatus of one or more of claims 1 — 3 in which the second frequency range

comprises frequencies below about 1 kHz.

7. The apparatus of one or more of claims 1+ 6 in which in which the first

frequency range comprises frequencies between an upper freguency and a lower

».J

frequency sud the filters comprise:

i series, an inverting low-pass filter (202) having a corner frequency at the upper

X

- 3 X

frequency and & high-pass {ilter (310} having a corner frequency at the lower frequency,

B

providing output signals to the first transducer (104, 1063 of the Hest array (100LY and

an ail-pass filter (302) phase-matched to the Mgh-pass Glter (310) and providing

ontput signaly te the second transducer (104, 106) of the firsy arvay (10013
8, The apparatus of one or meore of ¢claims 1 — 7 in which the filters are confipured o

delay the output signal o the lrst transducer {104, 166) of the first array (100L) relative

i the output signal to the second transducer (104, 106) of the first array {1000}

9. The apparatus of claim 1 in which the flters attenuate the cross-feed signals to the

poe)

transiducers (308, 110) of the second array {100R) when the oput signal iy in the first

0. The spparatus of clann 9 in which the first frequency range comprises frequencie

between an apper frequency and a ower frequency and the filters comprise:

a low-pass filter (300) having a corner frequency at the lower frequency and

providing cross-feed signals to the second array {100R); and

e

an ali-pass filter (304) phase-matched to the lnw-pass filter (306} and providing

output signals 1o the fivst array (1001

11, The apparatus of one or more of claims 1 - 8 in which the second frequeney range

comprises frequencies below a first upper frequency and the fillers comprise:

i%
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an inverting low-pass filter (306) having a corner frequency at the apper
frequency and providing cross-feed signals to the second array (100R Y, and

ant allpass flter (304 phase-matched to the Inverting low-pass filter {306} and

providing ounipat signals o the first array (100L)
12, The apparatus of one or more of clatms § — 6 in which

the filters attenuate the output signals to a second transducer {104, 106) of the first

array {1004} when the input sigaal is in the sccond frequency range.

13, The apparatus of claim 12 in which the second freguency range comprises
frequencies below a fivst upper frequency and the filters comprise:

fivsi high-pass {ilter (310} having a comner frequency at the Hrst upper frequency

3

and providing output signals to the second fransducer (104, 106) of the fist array (1001,

>

a first all-pass filter (302} phase-matched to the high-pass filter (310} and

providing output signals to the first transdueer (104, 106} of the frst array (100L); and

a second all-pass filier (314) phase-matched to the fisst all-pass §iter (302} and

providing cross-feed signals to the first transducer {108, 119} of the second arvay {10UR )

i4. The apparatus of elaim 13 10 which the filters also comprise:

TR

froquency, providing cross-feed sigma?s to a second tran :x%u\,a_r{hsﬁ 1107 of the second

arpay § HIOR), and phase matched to the second all-pass filter (314).

15, 'The apparatus of claim 12 10 which
the filters provide output sigonals and cross-feed signals to the second transducer
{104, 106; 108, 110} of the first and second array (1001, 100R} in & third frequenoy range
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comprising frequencies below a second upper frequescy that is lower thea the first upper

16, The sppavatus of claim 135 in which the filters comprise:

first and second low-pass filters (402, 404} having comer freguencies gt the

second upper frequency and providing output signals and cross-feed sigralsio the second
tranaducer {104, 106; 108, 110) of cach of the first and second arrays {1081, 100R),

respectively: and

first and second afl-pass filters (302, 314) phase matched to the first and second

low-pass filters (402, 404}, respectively, and to each other, and providing output signals

and eross-feed signals to the first trassducer (104, 106; 108, 110) of cach of the first and

second arrays {1006, 100R), respectively.

M

7. The apparatus of one or more of claims 1 - & in which the filers also provide the
output siguals and cross-feed sipnals to the transducers (104, 106; 108, 10} of the first

and second arrays {1001, 100R) so that
{d} no destructive interference is produced in a third frequency range,

18, The apparaius of claim 17 in which the third frequency range comprises a range
of frequencies for which the corresponding wavelengths are loss than twice g spacing

&
between the transducers (104, 106} in the first wray (1001}

19 The apparatus of claim 17 or 18 in which the third frequency range comprises

frequencies above aghoot 3 kHz,

20, The apparatus of one or more of claims 17 - 19 in which the third freguency
range comprises frequencies above a lower frequency, and the filters are confipured to
cause the first vransducer (104, 106) of the first array (100L) to be to be active, and fo
attenusie the pulput signals to the second wransducer {104, 106) of the frst arvay (001

when an input signal is above the lower frequency.

18
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2%, The apparatus of one or more of claims 17 - 20 in which the filters SOMPrise

a low-pass flter (202} having a coraer frequency at the lower frequency and

providing sutput signals to the second transducer (104, 106) of the first arsay (100LL

)

22, 'The apparatus of one or more of claims 17 - 20 in which the Slers are also
contigured to attenuate the cross-feed signals to the transducers (108, 110} of the second

array {100RY when the input signal is in the third frequency range.

23, The apparatus of claim 22 in which the filters comprise:

a irst fow-pass filter (202) having & comer frequency at the fower frequency and

signals 1o the second transducer (104, 106) of the first array {100LY;

,../
o
p=

proeviding output

a second low-pass filter (306} having 4 corner frequency at or lower than the

a/

fower frequency and providing cross-feed signals to the second array (100R); and

an ali-pass filter (304} phase-matched to the second low-pass Silter {3063 and

providing output signals to the first ray (100L)

The gpparatus of one or more of claims 17 — 20 In which the filters compris

b3
505
=

a fivst all-pass filter (304) providing output signals to a fivst senuming input of the

first array (1001,

a second all-pass filter (302) providing output signals to an input 1o the first

transducer {104, 106} of the first array (100L),

a first low-pass filter (202} and a first high-pass filter {310} In series and
praviding oulput signals to a first summing input to the second transducer {104, 108y of

the fivst array (1001,

a seeond low-pass filter (404) providing output signals to a second sunmming input

tor the second fransducer {104, 106) of the first array {1001}

i
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g third low-pass filter (306) providing eross-feed signals 1o a first stmming input

of the second array (100R),

2 thisd all-pass filter (314) providing cross-feed signals to an input to the Srst

transducer (108, 110} of the second arvay (100R),

& fourth low-pass filter (514) and a second high-pass filter (312} in serfes and

3

providing vross-feed signals to a fisst summing input to the second transducer (108, 110)

of the second array (100R), and

a fifth low-pass filter (402) providing cross-feed signals to a second sunuming

o

mpat to the second transducer (108, 110) of the second array (100R),
23, The apparatus of claim 24 in which

the second and {ifth low-pass filter (404, 402) have corner frequencies at a lower

frequency:

Y

the third low-pass filter (306} and the first and second high-pass filters (310, 312)

have corner frequencies at an infermediate frequency; and

the fivst and fourth low-pass filters (202, 514) have comer frequencies at an upper

frequency.

. The apparatus of claim 24 or 25 in which the filters also comprise

=5
-.J

a sixth fow-pass filter {306) providing a cross- signal to a second somming

tnput of the first arvay (100L);

a fourth all-pass filter (304) providing an cutput sigeal to a sscond swmming input

of the second array (100R);

and in which a first signal input is coupled to the first all-pass Glter (304) and the

third love-pass filter (306}, and
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a second signal input is coupled to the fourth all-pass filter (304 and the sixth

fow-pass filter (506

rpit

27, The apparatus of claim 26 in which the first input signal is = lefi-channel input

and the second input signal is g right-channel input.

EaXxl

28, The sppavates of claim 1 in which the filters also provide the ouwiput signals and
cross-feed sigoals {o the wansducers {104, 106; 108, 110} of the first and second arrays

{TGUL, TOOR) so that

{d} the transducers {104, 106} of the first arrgy {100L) do not produce destructive

irderfersnce By & an additional frequency range; and

lrrr
f""....z
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{2} a plurality of transducers (EG-? 106} of the first array (1001
travsducers {108, 110} of the second array (100R) produce destructive interference in the

additional frequency ranpe.

29, The apparatus of claim 28 in which the additional frequency range comprises

frequencies below about 530 Hx

3. The apparatus of claim 1 in which the filters also operate on a second Inpat signal
to provide owipnt signals and cross-feed signals to the tansducers (108, 110 104, 108y of

the second and fivst arrays (100K, 10CL) so that

{d a plurality of transducers {108, 110) of the second array (100K} produce

destructive interference in the first frequency range;

S
e
=t
oy
...4
93:

{e) the transducers (104, 106) of cond array (100R} do not prodoce

destructive mterference 1n the second frequency rangs: and

i (o), the first transdocer {104, 106} of the first array (1000} and the first

o~

iransdecer (108, 118} of the second apray (100R) produce destructive interference based

1

on both the first input signal and the second input signal in the second freguency mange.

g
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e L

The apparatus of claim 30 in which the first input signal is & left-side signal and

the second input signal is a right-side signal.

32, Theapparatus of claim 1, wherein the fillers (202, 304, 306, 316, 312, 314, 402,
404, 304, 506, 514) operate on the input signal (204, S62) 1o provide output signals and
cross-foed signals to the transducers (104, 106; 108, 110} of the first and second arays

P=g

{100L, 100R) 3o that

{d} the transducers {104, 106) of the fiest arvay (10GL) produce substantially

different degrees of destructive interference in respectively the first and second frequency

in which first signals driving the first array and second signals deiving the second

array are aot identical.

$

A methed comprising

Lt
S a

fiftering mpat signals and distributing the fillered signals as output signals and
s-foed signals to first and second physically separate arravs {1001, 100R} of
transducers o drive ransducers (104, 106; 108, 110} of the first and second arvays {1001,

10K} so that

(&} transducers {104, 106) of the first array (J00L) produce destructive

interference in @ first frequency rang

{b} transducers (104, 106} of the first arvay (1001 do not prodoce destructive

X

mterforence in a second frequency vange; and

{e} a frst transducer (184, 106) of the frst arvay (100L) and 8 {18t transducer
{108, 114} of the second array {100R) produce destructive interference in the second

froquency range.

4
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34, The method of claim 33 in which the first frequency range comprises a vange of
frequencies for which the sorresponding wavelengths are greater than twice a spacing

between the transducers (104, 106) in the frst arvay {1000\

35, The methoed of claim 33 or 34 in which the range of frequencies is also one for
which the mrmspm}\:}iug wavelengths are less thas twice a spacing between the first and

second array {1061, TOUR}

36, the method of one or more of claims 33 — 34 in which the second frequenc
sange comprises a range of freguencies for which the corresponding W;ﬂ»‘&imgtbg are

greater than twice a spacing between the first and second armay (1001, 100R}.

~y pey
i

The methad of one or more of claims 33 - 36 in which the first frequeney range

comprises fregquencics between about 1 kHz and about 3 kHz,

38 The method of one or more of claims 33 — 37 in which the second fregueney

range comprises frequencies below about 1 kHz.

39, The method of one or more of ¢laims 33 ~ 38 in which the output signals and
t o0
cross~feed signals also drive transducers (104, 106; 108, 119} of the first and secound array

g
Pe:

{1001, TOOR) so that

» destryctive interference is produced in 4 third frequency range.

,.w\
e
fos
[

40, The methed of claim 39 in which the third freguency range comprises g range of
frequencies tor which the corresponding wavelengths are less than twice & spacing

]

between the transducers (104, 106} in the first arpay {100L).

41, The method of claim 39 or 40 in which the third frequency range comprises

freguencics above about 3 KMz,

42, The method of one or more of claims 33 ~ 38 in which the output signals and
cross-toed signals also drive transducers (104, 106; 108, 119} of the first and second array

{1001, 180R 50 that

2
Lo
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{d} transducers {104, 106) of the first array {1001} do not produce destructive
mterference in a an additional frequency range; and
{e} ransducers {104, 100} of the first array (1001} and transduecers {108, 11H) of
the second array (100R) produce destructive interference in the additional frequency

range.

4

43, The method of claim 42 in which the additional frequency range

comprises frequencies below about 550 He

)
At
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